The cultivation of genetically modified crops in Brazil has led to the need to assess the impacts of this technology on non-target species. Under field conditions, the potential effect on insect biodiversity was evaluated by comparing a homogeneous corn field with conventional and transgenic maize, expressing different Bt proteins in seven counties of Minas Gerais, Brazil. The richness pattern of non-target insect species, secondary pests and natural enemies were observed. The results do not support the hypothesis that Bt protein affects insect biodiversity. The richness and diversity data of insects studied were dependent on the location and other factors, such as the use of insecticides, which may be a major factor where they are used.
Introduction
Transgenic strategies for protecting crops against pests depend on the transfer and expression of defense genes to the crop species of interest. Among the most widely known and studied examples of induced resistance are those based on the use of the deltaendotoxin of the bacterium Bacillus thuringiensis Berliner, 1915, also known as Bt crops. This bacterium occurs naturally in soil and has the ability to form crystal proteins during the stationary and/or sporulation phase (Vasconcelos et al., 2011) . After ingestion and solubilization of the crystals in the midgut of the insect, its degradation occurs from the action of proteases, releasing delta-endotoxins or Cry proteins, which adhere to specific receptors (Carneiro et al., 2009) .
Bt toxins have high specificity, both for specific receptors in the gut and for the degradation of protein crystals by the alkaline pH in susceptible species. For decades, Bt bio-pesticides have been used for mosquito and insect pest control in agricultural and reforestation areas, and there have been no reports of adverse effects related to their use. However, there is at least one important difference between the Bt bio-insecticide and Bt transgenic plants. The first case deals with a mixture of spores and crystals, sprayed on plants, and they must be activated in the gut of the insects, whereas in genetically modified (GM) plants, the protein is produced already activated in its toxic form. Thus, the question concerns those herbivorous insects that do not provide suitable conditions in their digestive tract to activate the proteins present in the bio-insecticides: may they still be affected by the toxin of the Bt transgenic plant, if they have specific receptors ?
The commercial introduction of GM crops has led to the need to assess the possible impacts of this technology on the environment, and among the likely undesirable impacts are the effects on non-target organisms. Some studies have indicated possible toxic effects of Bt insecticidal proteins on non-target species, including other herbivores, scavengers, predators, parasitoids and soil fauna (Hilbeck et al., 1998; Losey et al., 1999; Schuler et al., 1999; O'Callaghan et al., 2005; Romeis et al., 2014) . However, most of these studies tested the effect of these proteins on the species in unnatural conditions, not considering, for example, ecological interactions and the actual level of exposure of sensitive stages under natural conditions (Dale et al., 2002) . More studies, considering multivariate systems and exposure conditions, similar to those present in the field, may provide more realistic information about the harmful effects of Bt crops on non-target species (for example, see Sears et al., 2001) . In addition, a number of studies have shown the impact in some specific cases. Hilbeck et al. (1998) reported that Cry 1 Abproducing Bt maize and pure Cry 1Ab protein harmed larvae of Chrysoperla carnea (Neuroptera: Chrysopidae), but in this review, Romeis et al. (2014) show that there is sufficient information available today to conclude that Bt maize containing Cry 1Ab does not harm C. carnea. These authors discuss the necessity to develop conceptual field models, which should be based on properly designed studies that can be reproduced with a minimal probability of false positives or negatives. Thus, studies in the field should be focused.
With regard to natural enemies -key species within agro ecosystems that provide the biological pest control service -Bt plants could affect them directly, by the insect feeding on plant parts that express the protein (as in the case of predatory wasps and parasitoids that feed on pollen) or indirectly, by the use of prey that have fed on the transgenic plants Frizzas and Oliveira, 2006) . The search for prey in parasitoid species may occur associated with the perception of volatiles produced by plants as a function of herbivory, which also represents a source of impact, if GM plants have their attractiveness modified (Schuler et al., 1999) . For any event, the actual reduction of the predated populations, due to the presence of the insecticidal protein in the GM plant, per se, may represent an impact on the population structure of the species of parasitoids and predators (White and Andow, 2005) . From an environmental point of view, one possible advantage of the use of GM maize would be a reduction in insecticide applicationsespecially the broad spectrum active ingredient -since the effect of these can be more impactful on the persistence of the insect community (Dively, 2005; Naranjo, 2005) .
Studies of Bt-transgenic crops have revealed that exposure to Cry proteins varies widely among different herbivore feeding guilds and species (Raybould et al., 2007; Romeis et al., 2009 ). Arthropods such as predators or parasitoids are mainly exposed to the plantproduced toxins when preying on or parasitizing herbivores that have fed on GM crops. There is evidence that the concentration of the arthropod-active compound is usually diluted as it moves up the food chain and does not accumulate Romeis, 2009, 2012) . Despite any possible advantage associated with the use of GMOs, the commercial release of these organisms is preceded by safety assessment studies carried out in each case. In Brazil, the National Biosafety Technical Commission (CTNBio) is in charge of the safety assessment of GMO cropsRegarding environmental risk assessment, few data under field conditions are available, so more research is needed to support effective models to anticipate potential changes in the agro ecosystem. Capalbo et al. (2009) emphasize that the Brazilian system does not require a specific evaluation process, which allows the use of any organism model, as long as the choice is described and justified. For scientific development, the continuous process of analysis and selection highlights the need for ex post-release monitoring of Bt risk and impacts on the non-target community.
However, since GM crops represent a recent technological innovation and a novel evolutionary strategy, it is essential to maintain a process of continuous monitoring and evaluation of its efficacy and effects on the environment, especially independent posteriori risk assessments (Bauer-Panskus and Then, 2014) . Thus, the aim of this study was to assess possible impacts of Bt maize on the insect biodiversity present in the agro ecosystem in different regions of Minas Gerais, comparing corn-fields growing conventional and transgenic maize, expressing different Bt proteins. The working hypothesis was that the presence of the Bt proteins does not affect the richness and diversity of insects present in crops.
Material and methods

Collection of biological material
This work involved monitoring the incidence of S. frugiperdathe primary target pest of maize -infesting the whorls and ears, and the insect community on conventional and Bt maize expressing different proteins, in seven different counties of Minas Gerais (Table 1) .
In order to balance the technological level used in each corn field from different sampling areas, samples were collected from crop areas of more than 350 ha of maize with expected productivity around 200 bags/ha. To enable comparison of the insect community, collections from cornfields cultivated with conventional and Bt maize, expressing different proteins, were conducted. The collections were made in November and December of 2010. The crop field with conventional maize received three insecticide applications and the Bt maize received none.
The collection of biological material was performed in a systematic way in order to enable comparison of the richness and diversity observed on conventional and Bt maize. In each sample cornfield, three sampling points were selected and used as replication. At each sampling point, using the method proposed by Waquil (1997) , whorls, ears and tassels of 10 randomly chosen plants were collected. The collected material was taken to the Embrapa Maize and Sorghum laboratory, in Sete Lagoas, MG. Insects found in the collected material were stored in 70% ethanol, separated and identified using bibliographic material available and with the assistance of specialists in different groups. The material was identified, when possible, at species level.
Statistical analyses
To evaluate the cultivation effect of Bt maize (different proteins) on the abundance of S. frugiperda, variance analyses were performed on two factors, considering the effect of treatment (maize Cry(1A105+2Ab2) hybrid) and the size of the larvae, according to Fernandes et al. (2003) . These analyses were performed separately for data collected in the whorl and ear and grouped at the location (county), since the experimental design was incomplete, because not all crop fields used the same hybrid seeds. Species richness was estimated using the Jackknife procedure, since this method addresses the intrinsic defect of underestimation that occurs in this type of data (Heltshe and Forrester, 1983) . The Jackknife procedure, being a re-sampling technique, provides in addition to species richness estimation, an estimate of the confidence interval, allowing a statistical comparison between different locations. To estimate the diversity, the Shannon-Wiener index (Krebs, 1999) was used. The EstimateS 8.0 software (Colwell, 2000) was used for the analyses.
To evaluate the effect of Bt maize cultivation on the estimated richness and diversity of secondary pests and natural enemies, variance analyses were performed on two factors, considering the effect of treatment (type of protein) and the type of organism. These analyses were performed separately for data collected in the whorl, ear and tassel and grouped at the location (county), since the experimental design was incomplete, because not all the crops used the same seed type. To facilitate interpretation of the results, data from all cornfields with different Bt maize crops are presented together in charts, thus considering the conventional and Bt treatments.
Regression analyses were also performed to evaluate if the richness of natural enemies present in the crop fields was related to the richness of secondary pests and if the total area sown in each cornfield affected the insect richness by location. To evaluate the insecticide spraying affected on the estimated insect richness, Paired t-test analyses were performed.
Results
Abundance of S. frugiperda
The abundance of S. frugiperda larvae of different sizes collected in whorl samples was dependent on the location (N = 252, F = 1.56, p < 0.05, Fig. 1 ). The abundance of S. frugiperda in the cornfield with Bt maize was lower in the three studied counties -Inhaúma, Três Coraç ões and Nazareno. In Inhaúma, the difference occurred only for larvae with a body size smaller than 1 cm, in Três Coraç ões, where the difference was for larvae smaller than 2 cm, and finally in Nazareno, where the conventional treatment showed higher abundance of S. frugiperda independent of larval size. The treatment effects on frequency of the different larval sizes of S. frugiperda in the ears were significantly different among the sampling sites (N = 162, F = 1.96, p < 0.01, Fig. 2 ). In Três Coraç ões, for larvae smaller than 1 cm, the abundance of S. frugiperda was higher in the cornfield with conventional maize. For larvae larger than 2 cm, the abundance of S. frugiperda was higher in the conventional cornfield than in the field with Bt maize, except in the Bt cornfield with Cry1Ab protein. In Iraí de Minas, for larval body size smaller than 1 cm in the cornfield with conventional maize, the abundance of S. frugiperda was lower than the in cornfield with transgenic maize. Moreover, in the cornfield with Cry1F protein, the abundance of S. frugiperda was higher than in the cornfield with Cry1Ab protein. For larval body size between 1 and 2 cm, the abundance of S. frugiperda was higher in the cornfield with Cry1Ab protein, whereas for larval body size greater than 2 cm, the conventional cornfield had quite a high abundance of S. frugiperda. And finally, in Varjão de Minas for larvae smaller than 1 cm, the cornfield cultivated with the Bt hybrid expressing Cry1Ab protein showed higher abundance of S. frugiperda than the other treatments, whereas for larvae larger than 2 cm, the conventional cornfield had a higher abundance of S. frugiperda than the cornfield with Cry1F transgenic maize.
Overall insect richness
The overall pattern of estimated richness of insects in the different plant parts of maize was distinct among the seven crop fields studied, and the results did not support the hypothesis of Bt proteins having a negative effect on insect richness.
Considering the insect community in the whorl, a reduction in richness was observed in the Bt cornfields, with hybrids expressing Cry1Ab protein from the counties of Nazareno (Fig. 3 ), Varjão de Minas (Fig. 4) and Iraí de Minas (Fig. 5 ). In Três Coraç ões ( Fig. 6 ) and Inhaúma (Fig. 7) , the estimated insect richness in the cornfield with Bt maize was higher than in conventional maize. Comparing only the Bt cornfields in Três Coraç ões and Iguatama, the transgenic maize with Cry2Ab2 and Cry1A105 proteins, the observed richness was lower in the first crop, only when compared with a cornfield expressing Cry1F protein. In Inhaúma and Nazareno, the estimated insect richness in a cornfield with Cry1F transgenic maize was lower than in the other locations with transgenic maize expressing the combined proteins Cry2Ab2 and Cry1A105. The data from the ears showed a reduction in estimated richness of insects in the Bt corn field in Nazareno, except for the Bt (Cry1Ab) corn field ( Fig. 3 ) and in Varjão de Minas, only in the cornfield with Cry1Ab protein (Fig. 4) . In Três Coraç ões (Fig. 6 ), the cornfield with conventional maize had a lower estimated richness compared to transgenic maize with Cry2Ab2 and Cry1A105 proteins. In Iguatama (Fig. 8) , only in the Bt (Cry1F) cornfield was the insect richness lower than in other treatments, whereas in Nazareno (Fig. 3) , the Bt (Cry1Ab) cornfield presented higher richness than in other transgenic treatments.
Finally, considering the data from tassels, the estimated insect richness was lower in the conventional cornfield in Três Coraç ões (Fig. 6 ), Iraí de Minas (Fig. 5) , Nazareno (Fig. 3) and Varjão de Minas (Fig. 4) insect richness between conventional and Bt cornfields. Comparing only the treatments with Bt (Cry1Ab) maize in Três Coraç ões and Iguatama, the richness was higher than in the other treatments, whereas in Varjão de Minas the richness was higher than the other treatments in a Bt cornfield with Cry1F protein (see Fig. 9 ).
Richness of non-target insects: secondary pests and natural enemies
Considering the data from maize whorls, there was no interaction between the treatments' effect on the estimated richness of secondary pests and natural enemies (N = 155, F = 1.63, p < 0.05, Fig. 10 ). It could be observed that in the cornfield from the three counties (Três Coraç ões, Inhaúma and Matozinhos), the richness of secondary pests was higher on Bt than on conventional maize. In Iguatama, there was a reduction in the secondary pests' richness by growing Bt maize, while in Nazareno, both the secondary pests' and natural enemies' richness were higher in the conventional corn field (Fig. 10B) .
Similarly, there was an interaction between treatment effects on diversity -estimated by the Shannon index -of secondary pests and natural enemies (N = 155, F = 1.85, p < 0.01, Fig. 11 ). It was possible to observe a reduction in the secondary pests' and natural enemies' diversity in crop fields with Bt maize, in Iguatama and Nazareno counties. In Varjão de Minas, there was a reduction only in secondary pests' diversity. In Três Coraç ões and Matozinhos, in turn, we found an increase in the diversity of secondary pests in the Bt cornfield.
Regarding ears, there was also no interaction between the treatment effect on the estimated richness of different types of organisms and location (N = 108, F = 2.35, p < 0.01, Fig. 12 ). In four of the five crop fields studied, the pattern observed was similar, with no difference between the richness estimated in conventional and Bt cornfields, despite higher estimated richness of secondary pest species than the natural enemy. However, in Varjão de Minas, the estimated secondary pest richness was higher in the conventional cornfield than in the Bt cornfield, while the natural enemies' estimated richness was higher in the Bt cornfield. The treatments' effects on insect diversity -estimated by the Shannon index -was different between studied sites (N = 108, F = 3.75, p < 0.001, Fig. 13 ). In the cornfields in Três Coraç ões, Iguatama and Iraí de Minas there were no differences in estimated diversity between the conventional and Bt cornfields. In the crop fields studied in Nazareno and Varjão de Minas, the estimated secondary pests' diversity was higher in the conventional cornfield and, moreover, in Varjão de Minas, the natural enemy diversity was higher in the Bt cornfield.
Finally, considering the richness on plant tassels, once again the treatment effects on the type of organisms was significantly dependent on the studied sites (N = 132, F = 5.22, p < 0.001, Fig. 14) . In the cornfields from Três Coraç ões, Iguatama, Iraí de Minas and Varjão de Minas there were no significant differences between conventional and Bt cornfields either for secondary pests' or for natural enemies' estimated richness. In Inhaúma and Nazareno, the estimated richness of secondary pests was higher in the Bt than in the conventional cornfield, while in Matozinhos both the richness of secondary pests as well as natural enemies was higher in the conventional cornfield.
Again, there was an interaction between treatment effects on the estimated diversity of organisms on plant tassels and study location (N = 132, F = 5.44, p < 0.001, Fig. 15 ). In six crop fields, there was no difference in estimated diversity, either for secondary pests or for natural enemies, between conventional and Bt corn fields. However, it is worth noting that in Inhaúma, there was a considerable increase in the diversity of natural enemies. In Matozinhos, in turn, the same pattern was not observed since the diversity, both of secondary pests as well as natural enemies, was higher in the conventional than in the Bt cornfield.
Among the insect species observed in different studied parts of maize plants, Carpophilus sp. (Coleoptera: Nitidulidae) and Euxesta sp. (Diptera: Ulidiidae) were the species that showed an apparent reduction in abundance in the Bt cornfield. Among the predators, the earwig Doru luteipes (Scudder, 1876) (Dermaptera: Forficulidae) and minute pirate bug Orius insidiosus (Say, 1832) (Hemiptera: Anthocoridae) showed considerable fluctuation in abundance among the different treatments evaluated (Table 2) .
Local characteristics
The effects of Bt maize on the overall richness and diversity of insects appear to be dependent on the geographical location and crop management in the agro ecosystem. So there is an indication that other factors, such as spraying insecticides on the cornfield or not, may exert a stronger influence on this process. The estimated richness of natural enemies, however, appears to be influenced by the richness of secondary pests, in spite of the possibility of a limited number of samplings to show this relationship (R 2 = 0.51, b = 0.71, t = 2.28, p = 0.07, Fig. 16 ). Among all the sites studied, only Inhaúma is further removed from the proposed model, presenting a higher richness of natural enemies than would be expected based on the number of secondary pests, so that, excluding this analysis location, this relationship was confirmed (R 2 = 0.75, b = 0.86, t = 3.46, p < 0.05).
The total area sown in each cornfield did not influence the estimated richness of insects (R 2 = 0.00; b = 0.00; t = 0.009, p = 0.99). Similarly, there was no effect of the use of insecticides on the estimated insect richness (N = 7, t = 0.48, p = 0.64), for secondary pests (N = 7, t = 0.31, p = 0.76) or natural enemies (N = 7, t = 1.63, p = 0.15).
Discussion
The effect of the use of Bt maize controlling S. frugiperda was dependent on the Bt event considered and the location studied during all sampling times. These data suggest that the species community may respond to the presence of Bt maize linked to interactions among different factors like local adaptations that generate the combinations of different populations (Busato et al., 2004 (Busato et al., , 2005 . For samples from the whorl, only three of the seven cornfields studied showed enough infestation to discriminate the treatments that reduced the abundance of larvae on Bt maize. Furthermore, in these cornfields the abundance of larvae of small size (up to 2 cm) in conventional maize was significantly greater 
Conv. Cry1Ab Cry1F
Cry (1A105+2Ab2) Conventional Bt than the abundance of larger larvae. According to Waquil et al. (2004) and Mendes et al. (2011) , the use of Bt maize often does not lead to the immediate death of caterpillars, but reduces their development, making the insect more vulnerable to biotic and abiotic mortality factors. Another hypothesis for this situation may be associated with the results encountered by Paula et al. (2014) , indicating that the lepdopteran Chlosyne lacinia, in experimental conditions, transferred to descendants the Bt insecticidal protein, increasing the mortality and developmental time. It is noteworthy that all conventional cornfields were sprayed with insecticides, which shows once again that different locations may present different difficulty levels regarding the control of this pest.
The overall pattern of estimated richness of secondary pests and natural enemies was very different among the seven cornfields studied, and the variation observed was not consistent with the hypothesis of the Bt proteins' effect on the structure of the insect community. In many cases, the insect richness estimated for conventional and Bt cornfields was not significantly different or was lower than on Bt maize. Again, considering that conventional cornfields underwent insecticide spraying, it is likely that the low insect richness in these fields is the result of this impact. However, although other studies have already shown that the impact of 
Shannon diversity
Conv. Cry1Ab Cry1F
Cry (1A105+2Ab2) Conventional Bt insecticide use may be stronger on the structure of insect communities than the impacts of transgenic Bt crops, in the present study, the estimated insect richness was not significantly affected by insecticide use on the studied cornfields (Dively, 2005) . Since all these croplands are already occupied by Bt maize for much of their commercial production, it can be seen that there has been a reduction in the use of these pesticides. In only three of the seven crop fields studied have broad-spectrum insecticides been used and, in such cases, only on conventional maize cultivars. Moreover, in only four of these cornfields was insecticide sprayed more than once, with a maximum of three applications (in Inhaúma and Três Coraç ões). This represents a low use of insecticide if compared with other regions, where it is common to have up to eight sprayings during a crop season. The abundance of Carpophilus sp. was reduced in Bt crops, regardless of the plant part. This result is consistent with other studies showing that damage reduction in Bt cultivation -from the target pest -results in a lower colonization by saprophagic species (Dively, 2005) . Species of Diptera, genus Euxesta, may also undergo this effect, because oviposition of this species appears to be stimulated by the previous plant damage occurrence, which happens less in Bt maize fields (Cruz et al., 2011) . The apparent fluctuations in the abundance of predators among the different treatments studied appears consistent with the variation observed in the abundance of other non-target herbivores, which is also consistent with results already reported in the literature, since predators -generalist natural enemies -seem to be less affected by the presence of Bt maize than parasitoids (Pilcher et al., 2005; Romeis et al., 2014) . The discussion on the impact or environmental risk associated with the use of genetically modified* crops in agriculture must start with the definition of the reference starting point (Frizzas and Oliveira, 2006) and be followed by monitoring as stated by CTNBio. This is because the use of transgenic plants is just one more method among various Integrated Pest Management (IPM) strategies available. Regarding community diversity, the richness of secondary pests was directly related with the richness of natural enemies. Also, the data and recent literature indicate no significant effect of Bt proteins on natural enemies. Various practices used in modern agriculture are associated with the decline of biodiversity in agro ecosystems, especially those related to intensive agriculture, such as monoculture, use of fertilizers and pesticides. The simplification of the landscape related to agriculture reduces the diversity of fauna and the structure of communities associated with agro ecosystems and the findings of this study reinforce this idea. Estimated richness of natural enemies Fig. 16 . Relationship between estimated richness of secondary pests and estimated richness of natural enemies in the studied cornfields.
